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ABSTRACT
Glioblastoma multiforme (GBM) is an aggressive form of brain cancer with poor 
SURJQRVLV&DQFHUFHOOVDUHFKDUDFWHUL]HGE\DVSHFL¿FUHGR[HQYLURQPHQWWKDWDGMXVWV
PHWDEROLVPWRLWVVSHFL¿FQHHGVDQGDOORZVWKHWXPRUWRJURZDQGPHWDVWDVL]H$V
DFRQVHTXHQFHFDQFHUFHOOVDQGHVSHFLDOO\*%0FHOOVVX ?HUIURPHOHYDWHGR[LGDWLYH
SUHVVXUHZKLFKUHTXLUHVDQWLR[LGDQWGHIHQVHDQGRWKHUVDQLWDWLRQHQ]\PHVWREH
XSUHJXODWHG07+ZKLFKGHJUDGHVR[LGL]HGQXFOHRWLGHVLVRQHRIWKHVHGHIHQVH
HQ]\PHVDQGUHSUHVHQWVDSURPLVLQJFDQFHUWDUJHW:HIRXQG07+H[SUHVVLRQ
levels elevated and correlated with GBM aggressiveness and discovered that siRNA 
NQRFNGRZQRULQKLELWLRQRI07+ZLWKVPDOOPROHFXOHVH ?FLHQWO\UHGXFHGYLDELOLW\
RISDWLHQWGHULYHG*%0FXOWXUHV7KHH ?HFWRI07+ORVVRQ*%0YLDELOLW\ZDVOLNHO\
PHGLDWHGWKURXJKLQFRUSRUDWLRQRIR[LGL]HGQXFOHRWLGHVDQGVXEVHTXHQW'1$GDPDJH
We revealed that MTH1 inhibition targets GBM independent of aggressiveness as well 
as potently kills putative GBM stem cells in vitro:HXVHGDQRUWKRWRSLF]HEUD¿VK
PRGHOWRFRQ¿UPRXUUHVXOWVin vivoDQGOLJKWVKHHWPLFURVFRS\WRIROORZWKHH ?HFW
of MTH1 inhibition in GBM in real time. 
In conclusion, MTH1 represents a promising target for GBM therapy and MTH1 
LQKLELWRUVPD\DOVREHH ?HFWLYHLQSDWLHQWVWKDWVX ?HUIURPUHFXUULQJGLVHDVH
INTRODUCTION
Malignant glioblastoma multiforme (GBM) 
represents the most prevalent form of brain tumors 
and despite the combinatory treatment with radiation 
with Temozolomide, the prognosis of glioma patients 
is dismissive as inherent or acquired resistance lead 
almost inevitably to tumor recurrence and patient death 
within barely 15 months. The current consensus is that 
the recurring tumor develops from treatment-resistant 
GBM stem cells (GSC) [1], and since radiotherapy could 
not be substantially improved in the last years, novel 
chemotherapeutic agents that are also targeting GSCs are 
of urgent need [2]. 
&DQFHUFHOOVDUHFKDUDFWHUL]HGE\DVSHFL¿FUHGR[
environment that adjusts the oncogenic metabolism to 
PHHWWKHVSHFL¿FGHPDQGVRIWKHWXPRUFHOODQGDOORZV
WKHFDQFHUWRJURZDQGPHWDVWDVL]H>@7KHFDQFHUUHGR[
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HQYLURQPHQWLVKRZHYHUDFFRPSDQLHGE\DKLJKR[LGDWLYH
EXUGHQWKDWUHTXLUHVXSUHJXODWLRQRIDQWLR[LGDQWHQ]\PHV
and other non-oncogenic addiction enzymes [4]. It has 
been reported that the free nucleotide pool is especially 
SURQH WR R[LGDWLYH GDPDJH >@ ZKLFK LQ FRQVHTXHQFH
could lead to nucleotide mispairing, mutations and cell 
death [6] [7]. Among the nucleotides, dGTP is most 
SUHYDOHQWO\R[LGL]HGDQG WKHSURGXFWR[RG*73FDQ
induce mutagenic transversions. There is a large body 
of evidence that the human mutT homologue (MTH1), 
ZKLFK K\GURO\]HV R[RG*73 UHSUHVHQWV DQ HVVHQWLDO
QRQRQFRJHQLFDGGLWLRQHQ]\PH>@>@DQGZHDQGRWKHUV
have shown that MTH1 is a potent anti-cancer target [10]
>@0RUHRYHURXUJURXSKDVGHYHORSHGVSHFL¿FVPDOO
PROHFXOH LQKLELWRUV LQFOXGLQJ7+>@DQG7+
[12] that target MTH1 and possess promising anti-cancer 
activity in vitro and in vivo [10]. Besides representing 
D JHQHUDO SKHQRPHQRQ LQ FDQFHU FHOOV KLJK R[LGDWLYH
pressure has also been reported in brain cancers including 
GBM [13-15]. Since recent data from others and our lab 
XQGHUOLQHVWKHLPSRUWDQWOLQNEHWZHHQWKHFHOOXODUUHGR[
environment and dependency of functional MTH1 [16, 
@ZHVRXJKWWRLQYHVWLJDWHLIWKHR[LGDWLYHSUHVVXUHRI
GBM cells renders them vulnerable to MTH1 inhibitors. 
RESULTS
MTH1 is upregulated in Glioblastoma multiforme
In order to determine if targeting MTH1 could be a 
novel strategy to treat GBM, we analyzed available cancer 
datasets for a potential connection of MTH1 and brain 
FDQFHU7KH7&*$>@WKH5(0%5$1'7>@DQG
Gravendeel [21] data collections all provided consistent 
HYLGHQFH WKDW 07+ P51$ H[SUHVVLRQ ZDV KLJKHU LQ
GBM compared to non-tumor brain tissue and low grade 
GBM (WHO grade II and III; Figure 1, Supplementary 
)LJXUH 6 'XH WR WKDW VLJQL¿FDQW FRUUHODWLRQ ZH
LQYHVWLJDWHG WKH H*甀eFW RI RXU SUHYLRXVO\ FKDUDFWHUL]HG
07+LQKLELWRU7+>@DQG LWVSKDUPDFRORJLFDOO\
LPSURYHG YHUVLRQ 7+ >@ RQ WKH VXUYLYDO RI VL[
GL*甀eUHQW*%0FHOOOLQHV7KHPRGHOFRPSRXQG7+
GHFUHDVHGSRWHQWO\WKHYLDELOLW\RI¿YH*%0OLQHVDIWHU
WKUHHGD\VRIWUHDWPHQW,&0RQO\80*
UHTXLUHG D GD\ WUHDWPHQW IRU H*?FLHQW WDUJHWLQJ VHH
Figure 1, Supplementary Figure S2). Interestingly, the 
levels of MTH1 were lowest in that GBM cell line (see 
Supplementary Figure S2). Our improved MTH1 inhibitor 
7+KRZHYHUVLJQL¿FDQWO\GHFUHDVHGYLDELOLW\RIDOO
GBM lines after a 3-day treatment with an IC50 < 0.4 µM 
(Figure 1, Supplementary Figure S2). 
MTH1 requirement is irrespective of GBM 
aggressiveness
%DVHG RQ WKHVH LQLWLDO ¿QGLQJV ZH FRQWLQXHG
assessing the requirement of functional MTH1 for GBM 
cell viability in a panel of seven previously characterized 
GBM lines that can be subdivided in type A and type B, 
depending on their tumorigenic activity and ability to form 
spheres in vitro>@:HH[SRVHGWKHVHSDWLHQWGHULYHG
*%0OLQHVWRRXU07+LQKLELWRUV7+DQG7+
and observed that the inhibition of MTH1 by either 
FRPSRXQGVLJQL¿FDQWO\GHFUHDVHGYLDELOLW\RIDOO*%0
FXOWXUHV WKH LPSURYHG 07+ LQKLELWRU 7+ EHLQJ
PRUHSRWHQWFRPSDUHGWRWKHSDUHQWDOFRPSRXQG7+
(Figure 2A, 2B, Supplementary Figure S3). Calculation 
of the individual IC50 values revealed that both MTH1 
LQKLELWRUV NLOOHG *%0 H*?FLHQWO\ LQGHSHQGHQW RI WKHLU
intrinsic aggressiveness (Supplementary Figure S3). Based 
on the previous characterization of the GBM cultures [22, 
@DQGWKHLUH[SUHVVLRQOHYHORIWKH*6&VXUIDFHPDUNHU
&'6XSSOHPHQWDU\)LJXUH6ZHFKRVHWZR*%0
FHOO FXOWXUHV ZLWK HLWKHU KLJK W\SH $ FXOWXUH  RU
low capacity to form neurospheres, type B: culture #7, 
UHVSHFWLYHO\ IRU D GHHSHU DQDO\VLV :H FRQ¿UPHG WKH
requirement of MTH1 for GBM growth and survival by 
VL51$ NQRFNGRZQ     YLDELOLW\ FRPSDUHG
to control in culture #7, p < 0.0001
;
 DQG
YLDELOLW\FRPSDUHGWRFRQWUROLQFXOWXUHS
and further reassured the observed phenotype by using 
DGGLWLRQDO WKUHH VL51$ VHTXHQFHV VHH 6XSSOHPHQWDU\
Table T3 and Supplementary Figure S4). Moreover, 
SHUIRUPLQJ FORQRJHQLF DVVD\V ZLWK *%0 FXOWXUH 
VKRZHGWKDWQRWRQO\LQKLELWLRQRI07+XVLQJ7+
DQG7+VLJQL¿FDQWO\UHGXFHGWKHQXPEHURIFRORQLHV
EXWDOVRWKDWNQRFNGRZQRI07+E\VL51$OHDGWR
fewer and smaller colonies (Figure 2C, Supplementary 
Figure S4). We determined additionally the target 
HQJDJHPHQW RI 07+ E\ 7+ LQ LQWDFW *%0
cells and found it to correspond well to the reduction of 
viability (Supplementary Figure S4).
:H FRQWLQXHG LQYHVWLJDWLQJ WKH H*甀eFWV RI7+
DQG 7+ RQ WKH FHOO F\FOH RI *%0 FXOWXUHV 
DQG  ([SRVLQJ WKHVH *%0 FXOWXUHV WR WKH 07+
inhibitors for 24 hours depleted both the S and G0/G1 
population whereas the fraction of G2/M and polyploid 
cells increased, most prominently in culture 7 and with 
WKH PRUH SRWHQW 07+ LQKLELWRU 7+ )LJXUH '
(1H[WZHLQYHVWLJDWHGLI07+LQKLELWRUVDUHPRUH
potent than todays standard treatment Temozolomide and 
3DOERFLFOLE$**DQFLFORYLUDQG'RYLWLQLEZKLFK
are currently in clinical trial. Indeed, our improved MTH1 
LQKLELWRU7+ZDVPRVWSRWHQWFRPSDUHGWRDOORWKHU
PRQRWKHUDSLHVLQ*%0FXOWXUH)LJXUH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Figure 1: MTH1 is overexpressed in GBM. 07+P51$LVXSUHJXODWHGLQ*%0n FRPSDUHGWRQRQWXPRU17VDPSOHV
(n DQGKLJKOHYHOVRI07+FRUUHODWHZLWKLWVJHQHFRS\QXPEHULQ*%07&*$GDWDVHW7XNH\¶V+RQHVW6LJQL¿FDQW'L*甀eUHQFH
***p < 0.001 A.,QKLELWLRQRI07+E\WKHVPDOOPROHFXOHLQKLELWRUV7+DQG7+GHFUHDVHGYLDELOLW\RIJOLREODVWRPDFHOOOLQHVB. 
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Incorporation of oxidized dNTPs into DNA after 
MTH1 inhibition
We have previously shown that the loss of functional 
07+ OHDGV WR LQFRUSRUDWLRQ RI R[LGL]HG QXFOHRWLGHV
LQGXFHV '1$ GDPDJH DQG VXEVHTXHQWO\ FDXVHV FDQFHU
cell death [10]. Here, we describe the same phenomenon 
LQ *%0 FXOWXUH  DQG $V GHWHUPLQHG E\ FRPHW
DVVD\ )LJXUH& ' WKH LQKLELWLRQRI07+FDXVHV
LQFRUSRUDWLRQ RI R[RG*73 LQWR WKH '1$ RI ERWK
*%0FXOWXUHKRXUVDIWHUH[SRVXUH0RUHRYHU07+
LQKLELWLRQLQGXFHV'1$GDPDJHLQERWKFXOWXUHDQG
DVH[HPSOL¿HGE\WKHDYHUDJHQXPEHURI\+$;IRFLSHU
cell which appear after 24 hours of treatment with MTH1 
inhibitors (Figure 4A, 4B and Supplementary Figure S5). 
MTH1 inhibition targets CD133+ GBM stem cells 
in vitro and in vivo
The presence and number of GBM stem cells 
(GSCs) is one of the major factors which determine 
aggressiveness and treatment resistance of the tumor bulk, 
Figure 2: MTH1 inhibitors TH588 and TH1579 target GMB cells independent of aggressiveness. The MTH1 inhibitors 
7+DQG7+WDUJHWVHYHQSDWLHQWGHULYHG*%0cultures independent of aggressiveness (type B being more aggressive than type 
A) A.'RVHUHVSRQVHFXUYHIRU7+DQG7+LQWKHPRVWDJJUHVVLYHDQGOHDVWDJJUHVVLYH*%0culture B. Clonogenic 
VXUYLYDORI*%0H[SRVHGWR7+DQG7+C.(*甀eFWRI7+DQG7+RQWKHFHOOF\FOHRI*%0cultureDQGDIWHU
KRXUVRIH[SRVXUHD., E. 
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DQGVXUIDFHH[SUHVVLRQRI&'3520LVUHJDUGHGDV
a putative marker for GSCs [24]. In order to elucidate if 
07+LQKLELWLRQWDUJHWVERWK&'SRVLWLYHDQGQHJDWLYH
FHOOVZHVXEMHFWHGFXOWXUHWRERWK7+DQG7+
EHIRUHDQDO\VLVXVLQJÀRZF\WRPHWU\$IWHUKRXUVRI
treatment we observed that, albeit an overall decreasing 
FHOOFRXQW WKHSURSRUWLRQRI&'+DQG&'- cells 
remained stable during the course of the treatment, which 
LQGLFDWHGWKDW07+LQKLELWRUVWDUJHW&'+DQG&'- 
cells equally well (Figure 5A, Supplementary Figure 
6%,PSRUWDQWO\ZHREVHUYHGQRVLJQL¿FDQWGHFUHDVHRI
WKH&'+SRSXODWLRQGXULQJWKHH[SHULPHQWDOWLPHIUDPH
LQ XQWUHDWHG FHOOV KHQFH FDQ H[FOXGH VSRQWDQHRXV
GL*甀eUHQWLDWLRQRISXWDWLYH*6&V6XSSOHPHQWDU\)LJXUH
6'7RSURYLGHIXUWKHUHYLGHQFHWKDW07+LQKLELWRUV
WDUJHW*6&VZHHQULFKHGD&'+ cell population from 
FXOWXUHE\PDJQHWLFDFWLYDWHGFHOOVRUWLQJ0$&6WR
DERXW6XSSOHPHQWDU\)LJXUH6$%DQGH[SRVHG
it to MTH1 inhibitors. After 72 hours of treatment, we 
observed that MTH1 inhibitors targeted the fraction of 
SXWDWLYH*6&VHTXDOO\ZHOOFRPSDUHGWRWKH&'- cell 
population (IC507+ 0DQG ,&7+= 0IRUWKH&'+ fraction; IC507+ = 12.1 0DQG,&7+ 0IRUWKH&'- 
fraction; see Figure 5B). Besides measuring viability, we 
DOVRGHWHUPLQHGWKHFORQRJHQLFVXUYLYDORI WKH&'+ 
SRSXODWLRQXSRQ7+DQG7+WUHDWPHQWDQGIRXQG
it to be severely impaired by the loss of functional MTH1 
)LJXUH'()$&6DQDO\VLVYHUL¿HGWKDWWKH&'+ 
SRSXODWLRQGLGQRWGL*甀eUHQWLDWHGXULQJWKHFRXUVHRIWKH
H[SHULPHQW6XSSOHPHQWDU\)LJXUH6%7KHH[SUHVVLRQ
of the transcription factor SOX2 has been associated 
with GBM aggressiveness and GSCs [23, 25]. Based 
on a previously characterized construct [26], we stably 
WUDQVIHFWHG*%0FXOWXUHZKLFKH[SUHVVHV*)3XQGHU
the SOX2 promoter. Live cell imaging of this GBM culture 
UHYHDOHGDVLJQL¿FDQWO\SURORQJHGPLWRVLVRISOX2-GFP+ 
FHOOVXSRQH[SRVXUHWR7+DQG7+)LJXUH)
5G), adding further evidence that MTH1 inhibition targets 
*6&V)XUWKHUPRUHZHKDYHDQDO\]HGWKHH*甀eFWRI7+
DQG7+RQWKHFHOOF\FOHRIWKH&'+ population of 
*%0DQGIRXQGWKHVXE*SRSXODWLRQWRVLJQL¿FDQWO\
LQFUHDVHDIWHUH[SRVLQJWR07+LQKLELWRUVIRUKRXUV
(Figure 5C, Supplementary Figure S10). Lastly, we were 
DEOHWRUHYHDOWKDWLQFRUSRUDWLRQRIR[RG*73LQWRWKH
&'+SRSXODWLRQRI*%0VLJQL¿FDQWO\LQFUHDVHV
upon MTH1 inhibition (Figure 5H, 5I). 
7KH ]HEUD¿VK LV D SRZHUIXO SUHFOLQLFDO DQLPDO
model and its relevance for glioblastoma research is well 
GRFXPHQWHG>@:HJHQHUDWHGOXFLIHUDVHH[SUHVVLQJ
*%0FHOOV &09/8& HQULFKHG WKH&'+ 
SXWDWLYHVWHPFHOOSRSXODWLRQWR!6XSSOHPHQWDU\
Figure S11) and transplanted those orthotopically into the 
EUDLQRI]HEUD¿VKHPEU\RV$IWHUGD\VRIWUHDWPHQWZH
determined the tumor size by luminescence measurements 
in single embryos and found that treatment with 50 µM 
7+ n    UHVXOWHG LQ   VPDOOHU WXPRUV
FRPSDUHG WR '062 FRQWUROV n = 31; p = 0.011; Fig 
XUH$%2QHSURPLQHQWDGYDQWDJHRIWKH]HEUD¿VK
model is its transparency which allows assessing tumor 
JURZWKDQGWKHH*甀eFWRIDQWLFDQFHUFRPSRXQGVin vivo 
and real time. We therefore transplanted the GBM line 
80*$*)3RUWKRWRSLFDOO\LQWR]HEUD¿VKHPEU\RV
H[SRVHGWR07+DQGIROORZHGWKHWXPRUIRU
hours intracranially using light-sheet microscopy. In this 
in vivo setting we were not only able to detect numerous 
cells undergoing cell death, but also that the overall tumor 
YROXPHGHFUHDVHGE\aZLWKLQKRXUVRIWUHDWPHQW
while the non-treated tumor increased its volume by ~ 20 
)LJXUH&PRYLH60RUHRYHUZHFRQ¿UPHGRXU
GDWDLQFHOOFXOWXUHDVZHFRXOGYHULI\WKDWH[SRVXUHWR
07+OHDGWRDQLQFUHDVHGH[SUHVVLRQRIFOHDYHG
Figure 3: Inhibition of MTH1 is more potent in GBM than standard treatment. 'RVHUHVSRQVHFXUYHVIRUWKH07+LQKLELWRUV
7+DQG7+DVZHOODV7HPR]RORPLGH$*3DOERFLOLE'RYLWLQLEDQG*DQFLFORYLULQWKH*%0OLQH
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Figure 4: Inhibition of MTH1 induces DNA damage in GBM cells. ,QKLELWLRQRI07+E\7+DQG7+OHDGVWRDQ
LQFUHDVHRI\+$;IRFLLQ*%0OLQHDQGFHOOVDIWHUKRXUVA.4XDQWL¿FDWLRQRI\+$;IRFLB. Comet assay reveals incorporation 
RI R[RG*73 LQWR '1$ RI *%0  DQG  XSRQ WUHDWPHQW ZLWK 07+ LQKLELWRUV IRU  KRXUV C. 4XDQWL¿FDWLRQ RI R[RG*73
LQFRUSRUDWLRQVLJQL¿FDQFHFDOFXODWHGZLWKZD\$129$WHVWD. 
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Figure 5: Inhibition of MTH1 targets GBM stem cells. ,QKLELWLRQRI07+ZLWK7+DQG7+GHFUHDVHVERWKWKH&'+ 
DQG&'- cell population of GBM cultureHTXDOO\ZHOOA.,QKLELWLRQRI07+E\7+DQG7+LPSDLUVYLDELOLW\RI&'+ 
DQG&'- cells equally well B.([SRVXUHWR07+LQKLELWRUVIRUKRXUVLQFUHDVHVWKHVXE*SRSXODWLRQRIWKH&'+ cell population 
of GBM culture  C. &ORQRJHQLF VXUYLYDO RI &'+ FHOOV H[SRVHG WR7+ D. DQG7+ E. Mitosis of SOX2-GFP+ cells is 
VLJQL¿FDQWO\SURORQJHGXSRQLQKLELWLRQRI07+F.4XDQWL¿FDWLRQRIPLWRVLVGXUDWLRQG.&RPHWDVVD\UHYHDOVLQFRUSRUDWLRQRIR[R
G*73LQWR'1$RIWKH&'+ cell population of GBM cultureH.4XDQWL¿FDWLRQRIFRPHWDVVD\I. 
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FDVSDVHDVZHOODVWKH'1$GDPDJHPDUNHU\+$;
LQRUWKRWRSLFDOO\WUDQVSODQWHGWXPRUVFRPSDUHGWR'062
FRQWUROV)LJXUH(
DISCUSSION
Current therapeutic options for neurological 
cancers including GBM are very limited and lethal tumor 
recurrence is unavoidable. It has been suggested that 
DPSOL¿FDWLRQRIFKURPRVRPHWRJHWKHUZLWKORVVRIFKU
are very early genetic events GBM ontogeny, potentially 
because of the tumor driver PDGFA on chromosome 7 
>@,QWHUHVWLQJO\WKHMTH1-gene is also localized 
RQFKUSDQGLQGHHGE\DQDO\]LQJWKUHHGL*甀eUHQW
datasets, we found MTH1WUDQVFULSWVWREHVLJQL¿FDQWO\
RYHUH[SUHVVHGLQ*%0DVZHOODVLWVH[SUHVVLRQOHYHOVWR
be correlated to GBM aggressiveness and proliferative 
SRWHQWLDO D ¿QGLQJ WKDW ZDV UHFHQWO\ GHVFULEHG >@
Besides, there is also direct immunohistological evidence 
that MTH1 protein levels are elevated in human brain 
tumors with highest levels found in aggressive GBM [13]. 
Based on these observations, we thought to investigate 
if GBM growth and survival depends on the presence of 
functional MTH1 protein. 
We performed our initial investigations in a 
collection of seven patient-derived GBM cultures that 
have been previously characterized [22, 23]. Applying 
IRXUGL*甀eUHQWVL51$VDVZHOODVWZRGL*甀eUHQWLQKRXVH
developed MTH1 inhibitors, we observed that suppression 
DV ZHOO DV LQKLELWLRQ RI 07+ H*?FLHQWO\ NLOOHG DOO
analyzed patient-derived GBM cultures, irrespectively 
of their aggressiveness. Furthermore, we found the target 
Figure 6: MTH1 inhibitors target GBM and GBM stem cells in vivo. *%0&09/8&FHOOHQULFKHG IRU WKH&'+ 
SRSXODWLRQKDYHEHHQRUWKRWRSLFDOO\LQMHFWHGLQWR]HEUD¿VKHPEU\RVGD\VSRVWLQMHFWLRQHPEU\RVH[SRVHGWR07+GLVSOD\HG
smaller tumors A.4XDQWL¿FDWLRQE\OXPLQHVFHQFHPHDVXUHPHQWV LQVLQJOHHPEU\RVVKRZHGVPDOOHU WXPRUV LQ7+WUHDWHG
embryos (n  FRPSDUHG WR'062FRQWUROV n = 31; p = 0.011) B. Still images of real-time light sheet microscopy on orthotopic 
[HQRWUDQVSODQWVH[SRVHGWR07+DSRSWRWLFFHOOVHQFLUFOHGC.'HWHUPLQDWLRQRIWXPRUYROXPHRI[HQRWUDQVSODQW*UH\FLUFOH
'062FRQWUROEODFNFLUFOH7+WUHDWHGWXPRUVKRZQLQ&7KHDVWHULVNVPDUNWKHWLPHSRLQWZKHQWKHWUDQVSODQWVVWDUWHGOHDYLQJ
the focal plane D.,PPXQRF\WRFKHPLVWU\RQFOHDYHGFDVSDVHDVZHOODV\+$;LQRUWKRWRSLF[HQRWUDQVSODQWVWUHDWHGIRUGD\VZLWK
07+RU'062E.
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HQJDJHPHQW RI 7+ IRU 07+ LQ LQWDFW *%0
FHOOVFORVHO\FRUUHVSRQGLQJWRWKHH*甀eFWRQFHOOYLDELOLW\
LQGLFDWLQJVSHFL¿FLW\RIWKHFRPSRXQG'XULQJSUHSDUDWLRQ
of this manuscript two other groups independently 
FRQ¿UPHGRXU¿QGLQJV WKDW07+ LV LQGLVSHQVDEOH IRU
GBM growth and survival [31, 32]. Spurred by these 
initial results, we continued with an in-depth analysis of 
RXUPRVWDJJUHVVLYH*%0FHOOFXOWXUHDQGWKHOHDVW
aggressive representative culture #7. 
&DQFHU FHOOV DQG *%0 FHOOV LQ SDUWLFXODU VX*甀eU
IURPDKLJKUHGR[SUHVVXUHDQGDUHWKHUHIRUHGHSHQGHQWRQ
VSHFL¿FGHWR[L¿FDWLRQHQ]\PHVLQFOXGLQJ07+ZKLFK
GHJUDGHV R[LGL]HG QXFOHRWLGHV LQFOXGLQJ R[RG*73
,QGHHGDIWHUZHLQKLELWHG07+ZLWKHLWKHU7+RU
7+ZHZHUHDEOHWRGHWHFWVSHFL¿FR[RJXDQLQH
OHVLRQVLQWKH'1$RIWKHDQDO\]HG*%0FXOWXUHVXVLQJ
DPRGL¿HGFRPHWDVVD\$VDQWLFLSDWHGZHDOVRREVHUYHG
DQLQFUHDVHRIJHQHUDO'1$GDPDJHIROORZLQJH[SRVXUH
to MTH1 inhibitors, most likely due to the incorporation 
RI R[RG*73 ZKLFK LV NQRZQ WR HYHQWXDOO\ OHDG WR
FHOOXODUVHQHVFHQFHWKURXJKSHUVLVWHQW''5VLJQDOLQJ>@
6LQFHLWKDVUHFHQWO\EHHQSXEOLVKHGWKDW'1$V\QWKHVLV
can occur at common fragile sites (CFSs) during mitosis 
RIFHOOVVX*甀eULQJIURPUHSOLFDWLYHVWUHVVi.e. cancer cells 
>@LWZLOOEHLQWHUHVWLQJWRLQYHVWLJDWHLIR[RG*73
might be incorporated into these fragile sites in absence 
of functional MTH1 with fatal consequences. Besides 
LWV'1$GDPDJLQJSRWHQWLDO LWKDVEHHQSXEOLVKHGWKDW
PRGL¿HGJXDQLQHQXFOHRWLGHVLQFOXGLQJPRGL¿FDWLRQVRQ
WKHthSRVLWLRQPD\D*甀eFWWKHSRO\PHUL]DWLRQRIWXEXOLQ
in vitro and in vivo [35, 36]. Since we have observed 
that our MTH1 inhibitors induce a G2/M arrest as well 
DVOHDGWRSRO\SORLGFHOOVZHDUHFXUUHQWO\H[SORULQJLI
WKHVHH*甀eFWVDUHEDVHGRQ WKHR[RG*73LQWHUIHUHQFH
with tubulin dynamics. The vast majority of GBM 
reappears after initial treatment, most often due to 
RYHUH[SUHVVLRQRI2PHWK\OJXDQLGLQHPHWK\OWUDQVIHUDVH
(MGMT) which confers resistance to Temozolomide [1]. 
,PSRUWDQWO\GHVSLWHH[SUHVVLQJYHU\KLJKOHYHOVRI0*07
(see Supplementary Figure S7) and being resistant to 
7HPR]RORPLGHZHVKRZWKDW07+LQKLELWRUVH*?FLHQWO\
WDUJHW*%0FXOWXUHVDQG6LQFH07+LQKLELWRUV
potently decreased viability of these resistant cultures, it 
is tempting to speculate that MTH1 inhibition could be 
used as novel strategy to target recurring, Temozolomide 
resistant GBMs.
Although the cancer stem cell hypothesis remains 
controversial, there is a large body of evidence supporting 
a hierarchical architecture of GBM with GSCs at the 
DSH[>@*6&VGULYHDJJUHVVLYHQHVVRIWKHWXPRU
confer resistance to current treatments and are the main 
cause for disease recurrence [1]. Since we found that our 
07+LQKLELWRUVWDUJHWWKHWZRGL*甀eUHQW*%0FXOWXUHV
potently and independent of their aggressiveness, we 
investigated if GSCs are also dependent on functional 
07+7KH VXUIDFHSURWHLQ&' LV FXUUHQWO\RQHRI
the best available markers for putative GSCs [24], thus 
ZHIUDFWLRQL]HGFXOWXUHZLWK0$&6DFFRUGLQJO\DQG
present several lines of evidence that MTH1 inhibitors 
GHFUHDVH VXUYLYDO RI WKH &' HQULFKHG DQG GHSOHWHG
IUDFWLRQRI*%0FXOWXUHHTXDOO\ZHOO0RUHRYHURXU
inhibitors induced a dramatic prolongation of mitosis as 
ZHOODVOHDGWRLQFRUSRUDWLRQRIR[RG*73LQWRWKH'1$
RIFXOWXUHFHOOVH[SUHVVLQJSOX2, a stemness marker 
also upregulated in GSCs [23, 25]. We transplanted the 
&'+ HQULFKHG IUDFWLRQ LQWUDFUDQLDOO\ LQWR ]HEUD¿VK
embryos, which is a clinically relevant and ethically sound 
PRGHOIRU*%0>@%\WKDWZHZHUHQRWRQO\DEOH
WRFRQ¿UPWKHDELOLW\RI07+LQKLELWRUVWRWDUJHW*6&V
in vivo, but also to monitor in vivo and in real time how 
GSC cells died due to this anti-cancer drug. Although the 
WUDQVSODQWHG]HEUD¿VKHPEU\RVZHUHIUHHO\VZLPPLQJLQ
D0VROXWLRQRI7+WKHDFWXDOGUXJH[SRVXUH
RIWKHWXPRUZDVOLNHO\VLJQL¿FDQWO\ORZHUGXHWROLPLWHG
XSWDNHRIWKLVVPDOOPROHFXOHLQWRWKH]HEUD¿VK+RZHYHU
ZHUHFHQWO\FRQ¿UPHGJRRGSKDUPDFRNLQHWLFSDUDPHWHUV
including good oral availability in mouse [12]. As the 
FHOOXODUIUDFWLRQGHSOHWHGIRU&'GLGQRWIRUPVWDEOH
intracranial tumors, likely due to the absence of stem cells, 
we followed additionally a non-orthotopic implantation 
approach to show that inhibition of MTH1 targets both 
GBM as well as GSCs (see Supplementary Figure S12). 
It is well established that GSCs preferentially localize in 
WKHSHULQHFURWLFK\SR[LFDUHD>@ZKLFKFRQWULEXWHV
WR UHJXODWH WKHLU WXPRULJHQLF FDSDFLW\ >@ +\SR[LD
LQ JHQHUDO DQG WKH SHULQHFURWLF UHJLRQ VSHFL¿FDOO\ DUH
DVVRFLDWHGZLWKR[LGDWLYHVWUHVV>@DQG*6&VZHUH
LQGHHGGHVFULEHGWRVX*甀eUIURPKLJKHUR[LGDWLYHSUHVVXUH
compared to non-GSCs [45]. We have recently found 
WKDWK\SR[LDDQGWKHWXPRUUHGR[HQYLURQPHQWGHWHUPLQH
sensitivity to MTH1 inhibition [16], therefore the elevated 
UHGR[ SUHVVXUH SUHVHQW LQ *6&V PLJKW H[SODLQ WKHLU
addiction to functional MTH1. 
In summary, we have presented evidence that 
LQKLELWLRQRI07+PLJKWUHSUHVHQWDQH*?FLHQWVWUDWHJ\
to target GBM. 
MATERIALS AND METHODS
Data analysis
*%0 H[SUHVVLRQ GDWD ZHUH DQDO\]HG WKURXJK
WKH *OLR9LV GDWD SRUWDO KWWSJOLRYLVELRLQIRFQLRHV
(M. Squatrito, manuscript in preparation). Multiple 
FRPSDULVRQVZHUHSHUIRUPHGE\$129$WHVWIROORZHGE\
7XNH\¶V+RQHVW6LJQL¿FDQW'L*甀eUHQFHSRVWKRFDQDO\VLV
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Antibodies and chemicals
The following antibodies were used: mouse anti-
\+$;0LOOLSRUHPRXVHDQWLEHWDDFWLQ$EFDPDQG
,5'\H 5' GRQNH\ DQWLPRXVH /,&25 UDEELW
DQWLFOHDYHG FDVSDVH  $EFDP PRXVH DQWL \+$;
(Millipore), anti-rabbit/555 (Invitrogen) and anti-
PRXVH/LIHWHFKQRORJLHV&KHPLFDOVZHUHSXUFKDVHG
from Sigma-Aldrich. MTH1 inhibitors were synthesized 
LQKRXVHDQGGLVVROYHGLQ'062WRP0>@
Cell culture, comet and viability assay
All cell lines used have been obtained from 
ATCC during the last four years; regular mycoplasma 
tests have been performed. Generation, authentication 
and propagation of patient-derived GBM cell cultures 
have been described elsewhere [23]. Cell viability 
measurements using the MTT or resazurin assay were 
SHUIRUPHGDVGHVFULEHG>@7KHPRGL¿HGFRPHWDVVD\
KDV EHHQ GHVFULEHG LQ GHWDLO EHIRUH >@ %ULHÀ\ WKH
R[RG*73VSHFL¿FH[RQXFOHDVH2JJKDVEHHQXVHGWR
LQGXFH'1$VWUDQGEUHDNVDWR[RG*73SRVLWLRQVZKLFK
FRXOGWKHQVSHFL¿FDOO\EHGHWHFWHGXVLQJWKHFRPHWDVVD\
The SOX2-GFP reporter cells have been established with 
a lentivirus based system following standard protocols and 
using a previously described construct [26]. Lipofectamine 
ZDVXVHGIRUVL51$NQRFNGRZQV6L51$VHTXHQFHVVHH
table S2 and Supplementary Figure S7. For clonogenic 
assays using MTH1 inhibitors, 500 cells were seeded in 10 
FPGLVKHVDQGWUHDWHGDVVSHFL¿HG$IWHUGD\VFRORQLHV
were stained with methylene blue and counted manually. 
1HLWKHUPHGLXPQRUWUHDWPHQWZDVH[FKDQJHGGXULQJWKH
FRXUVH RI WKH H[SHULPHQW )RU FORQRJHQLF DVVD\V XVLQJ
VL51$FHOOVZHUHWUHDWHGZLWKVL51$IRUKRXUVEHIRUH
seeding, then propagated and stained as above. Colony 
QXPEHUDQGVL]HZDVGHWHUPLQHGXVLQJWKHFHOOSUR¿OHU
software. 
CETSA- Alpha-screen
*OLRPDFHOOVZHUHJURZQLQZHOOSODWHVDQG
WUHDWHG ZLWK 7+ DW GL*甀eUHQW FRQFHQWUDWLRQV IRU 
hour at 37 °C. After trypsinization cells were collected 
by centrifugation and resuspended in 50 µl of TBS, pH 
 DQG SURWHDVH LQKLELWRU &203/(7( 5RFKH &HOO
VXVSHQVLRQV ZHUH WUDQVIHUUHG WR D ZHOO 3&5 SODWH
$JLOHQW DQGKHDWHG WR & IROORZHGE\ DGGLWLRQRI
O\VLV EX*甀eU 6XUH)LUH8OWUD[3HUNLQ(OPHU$IWHU 
minutes lysis at room temperature lysates were transferred 
WR DQ DVVD\ SODWH 3UR[LSODWH 3HUNLQ (OPHU DQG WKH
amounts of stabilized MTH1 were analyzed using Alpha 
Lisa immunoassay[46]. Cell lysates were incubated with 
WZR 07+ DQWLERGLHV GLOXWHG LQ LPPXQR DVVD\ EX*甀eU
3HUNLQ (OPHU PRXVH DQWL07+ /VF /6
Bio), 1:20000 and rabbit anti-MTH1 (polyclonal, in house 
produced), 1:2000, for two hours at room temperature. 
Anti-mouse IgG alpha donor beads 10 µg/ml and anti-
UDEELW,J*DFFHSWRUEHDGVJPO3HUNLQ(OPHUZHUH
added to the assay plate followed by incubation at room 
WHPSHUDWXUHRYHUQLJKW3ODWHVZHUHUHDGXVLQJ(QYLVLRQ
SODWHUHDGHU3HUNLQ(OPHUWKHOLJKWHPLVVLRQZDVGLUHFWO\
proportional to the amount of stabilized MTH1
Magnetic-activated cell sorting
Cells were harvested with Accutase (Sigma) 
DQG UHVXVSHQGHG LQ 3%6 FRQWDLQLQJ   %6$ DQG 
P0 ('7$ 6RUWLQJ ZDV SHUIRUPHG XVLQJ WKH &'
0LFUR%HDG.LWH*?FLHQF\RIFHOOVRUWLQJZDVDQDO\]HGE\
ÀRZF\WRPHWU\XVLQJWKH/DEHOLQJ&KHFN5HDJHQW3(DOO
Miltenyi Biotec). 
Flow cytometry 
Harvested cells were resuspended in PBS 
FRQWDLQLQJ)%6DQGODEHOOHGZLWKDQWL&'$3&
0LOWHQ\L%LRWHF LQSUHVHQFHRIKXPDQ)F%ORFN %'
Biosciences). The mouse IgG1 isotype control antibody 
conjugated to APC (Milteny Biotec) served as control (see 
Supplementary Figure S6). For cell cycle analysis, cells 
ZHUHSXOVHG IRUK FXOWXUHRUK FXOWXUH
ZLWK0(G8IROORZHGE\¿[DWLRQDQGLQFXEDWLRQZLWK
PRXVHDQWL\+$;RYHUQLJKW(G8ZDVGHWHFWHGEDVHGRQ
D&OLFNL7(G8V\VWHP'1$ZDVVWDLQHGXVLQJ+RHFKVW
33342 according to standard protocols. 
RNA isolation, reverse transcription and 
quantitative real-time PCR
51$ZDVLVRODWHGDQGF'1$ZDVV\QWKHVL]HGZLWK
WKH0D[LPD)LUVWVWUDQGF'1$6\QWKHVLV.LWDQG57T3&5
ZDVUXQXVLQJWKH/XPLQDULV&RORU+L*UHHQT3&50DVWHU
0L[ DOO 7KHUPR6FLHQWL¿F RQ D 5RWRUJHQH 4LDJHQ
5HODWLYHJHQHH[SUHVVLRQOHYHOVQRUPDOL]HGWREHWDDFWLQ
were calculated according to the 2ǻǻ&7method. Primer 
ZHUH SXUFKDVHG SUHYHUL¿HG .,&T6WDUW 6LJPD DQG
DOZD\VVSDQDQH[RQLQWURQMXQFWLRQVHHWDEOH6
=HEUD¿VKPDLQWHQDQFHLQMHFWLRQVDQGH[SRVXUH
=HEUD¿VK 7/ ZHUH UDLVHG DQG VWDJHG DFFRUGLQJ
WR VWDQGDUG SURWRFROV &HOOV WUDQVSODQWHG LQWR ]HEUD¿VK
ZHUH WUDQVIHUUHG WR VWHP FHOO PHGLXP 1HXUREDVDO
PHGLXP'0(0) PL[WXUH FRQWDLQLQJ % DQG 1
VXSSOHPHQWVDVZHOODVQJPOE)*)DQGQJPO()*
7 days before injection. Labelling and transplantation 
has been described before [47]. 24 hours after injection, 
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WUHDWPHQWZDVVWDUWHG$OOH[SHULPHQWVZHUHSHUIRUPHGLQ
accordance to the international and local ethical guidelines 
1
Generation of luciferase expressing cells and 
luciferase measurement
7KHJOLREODVWRPD OLQHZDV VWDEO\ WUDQVIHFWHG
ZLWK S/HQWL &09 3XUR /8& $GGJHQH XVLQJ URXWLQH
protocols. To measure luminescence, 1 embryo/ well was 
SODWHGLQZHOOSODWHVDQGO\VHGJO\FHURO
7ULWRQ;P00J&OP0'77P07ULV
SKRVSKDWH S+ IRU  PLQ IROORZHG E\ DGGLWLRQ RI
OXFLIHUDVHGHWHFWLRQEX*甀eUP0'77P0$73
mg/ml luciferin potassium salt, 25 mM Tris-phosphate pH 
DQGOLJKWGHWHFWLRQ
Live cell imaging
The SOX*)3 UHSRUWHU FHOOV ZHUH VHHGHG LQ 
well black/clear plates at a concentration of 6000 cells per 
well and subjected to treatment the day after. Within 30 
min after addition of MTH1 inhibitors, live cell imaging 
ZDV SHUIRUPHG XVLQJ WKH ,PDJH ([SUHVV PLFURVFRSH
0ROHFXODU'HYLFHVDW& LQ&2
2
 atmosphere. 
,PDJHVZHUHDFTXLUHGZLWKD[OHQVHYHU\PLQIRU
hours. The images of each channel were assembled into 
$9,PRYLHVXVLQJWKH0HWD;SUHVVVRIWZDUHDQGWKHFHOO
division was analyzed with ImageJ 
Light sheet microscopy
 KSI HPEU\RV ZHUH HPEHGGHG LQ  ORZ PHOW
DJDURVHLQDJODVVFDSLOODU\DQGH[WUXGHGLQWRDVDPSOH
FKDPEHU FRQWDLQLQJ ( PHGLXP VXSSOHPHQWHG ZLWK
MS222. Images were acquired using a Light Sheet Z.1 
&DUO=HLVV*HUPDQ\ZLWKDZDWHUGLSSLQJ;GHWHFWLRQ
REMHFWLYH:3ODQ$32&+520$71$DQGGXDOVLGH
; LOOXPLQDWLRQ REMHFWLYHV /6)0 1$ 6DPSOHV
were illuminated from a single side and Z-stacks were 
DFTXLUHGHYHU\PLQXVLQJD;RSWLFDO]RRP
µm light sheet thickness and 2 µm Z-interval. Tumor 
volume was measured using the Countour Surface tool in 
,PDULV%LWSODQH)RUYLVXDOL]DWLRQPD[LQWHQVLW\
projections were produced and drift was corrected using a 
ULJLGERG\WUDQVIRUPDWLRQLQWKH,PDJH-SOXJLQ6WDFN5HJ
>@
Immunocytochemistry
Cells were seeded in 6 well plates and subjected to 
WUHDWPHQWKRXUVDIWHU$IWHUH[SRVXUHFHOOVZHUHWUHDWHG
for immunocytochemistry according to standard protocols. 
(PEU\RV ZHUH SUHSDUHG IRU FU\RVHFWLRQV DV GHVFULEHG
SUHYLRXVO\>@DQGVHFWLRQVZHUHVWDLQHGXVLQJURXWLQH
protocols.
Documentation and statistical analysis
3LFWXUHVZHUHWDNHQZLWKD/HLFD/60FRQIRFDO
microscope or a Leica MZ16 microscope equipped 
ZLWK D /HLFD '&)); FDPHUD ,PDJH GDWD ZDV
processed with GIMP or ImageJ without obstructing any 
RULJLQDOGDWD([SHULPHQWVKDYHEHHQSHUIRUPHGDWOHDVW
LQ WULSOLFDWHV WKH UHVXOWV DUH H[SUHVVHG DV PHDQ  6'
6WDWLVWLFDO VLJQL¿FDQFH ZDV GHWHUPLQHG XVLQJ WKH WZR
tailed students t-test unless otherwise stated with the 
following p YDOXHVFRQVLGHUHGVLJQL¿FDQWp <0.05; **: 
p <0.001; ***: p < 0.0001.
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